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Aims Fractional flow reserve by computerized tomography (FFR-CT) provides non-invasive functional assessment of the
hemodynamic significance of coronary artery stenosis. We determined the FFR-CT values, receiver operator charac-
teristic (ROC) curves, and predictive ability of FFR-CT for actual standard of care guided coronary revascularization.

Methods Consecutive outpatients who underwent coronary CT angiography (coronary CTA) followed by invasive angiography
over a 24-month period from 2012 to 2014 were identified. Studies that fit inclusion criteria (n ¼ 75 patients, mean age
66, 75% males) were sent for FFR-CT analysis, and results stratified by coronary artery calcium (CAC) scores. Coronary
CTA studies were re-interpreted in a blinded manner, and baseline FFR-CT values were obtained retrospectively.
Therefore, results did not interfere with clinical decision-making. Median FFR-CT values were 0.70 in revascularized
(n ¼ 69) and 0.86 in not revascularized (n ¼ 138) coronary arteries (P , 0.001). Using clinically established significance
cut-offs of FFR-CT ≤0.80 and coronary CTA ≥70% stenosis for the prediction of clinical decision-making and subse-
quent coronary revascularization, the positive predictive values were 74 and 88% and negative predictive values were
96 and 84%, respectively. The area under the curve (AUC) for all studied territories was 0.904 for coronary CTA, 0.920
for FFR-CT, and 0.941 for coronary CTA combined with FFR-CT (P ¼ 0.001). With increasing CAC scores, the AUC
decreased for coronary CTA but remained higher for FFR-CT (P , 0.05).

Conclusion The addition of FFR-CT provides a complementary role to coronary CTA and increases the ability of a CT-based
approach to identify subsequent standard of care guided coronary revascularization.
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Introduction
Previous observations demonstrated the need for improved risk
stratification and increased yield of patients who undergo invasive
coronary angiography and subsequent revascularization.1 Mounting
evidence over recent years supports the use of coronary computer-
ized tomography angiography (coronary CTA) as an attractive non-
invasive approach that may fulfil this gatekeeper role.2,3 However,
coronary artery calcium (CAC) significantly reduces the diagnostic
specificity4,5 and overall accuracy6 of coronary CTA.

Coronary CTA provides non-invasive assessment of CAD with a
high correlation to invasive coronary angiography.4,5 Recent large

clinical trials7,8 further support increased diagnostic certainty and
improved efficiency of triage to invasive coronary angiography
when using coronary CTA. Despite these findings however, coron-
ary CTA has not been widely adopted—in part due to its initial in-
ability to determine the physiologic importance of CAD. Fractional
flow reserve derived from coronary CTA (FFR-CT) enhances the
accuracy of coronary CTA and has emerged as a potential tool to
provide functional characterization of the hemodynamic significance
of coronary artery stenosis with correlation to invasive FFR.9

Furthermore, the accuracy of FFR-CT is superior to coronary
CTA stenosis in the presence of calcification,10,11 thereby providing
enhanced interpretation ability.
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An ideal non-invasive strategy should go beyond the prediction of
the anatomical narrowing of an artery and aggregate risk factor pro-
files, intrinsically reflect clinical parameters, and predict the physio-
logical need for coronary revascularization on a per vessel basis.
Multiple studies have compared FFR-CT to coronary artery stenosis
and invasive FFR12– 14 and determined its ability to identify obstruct-
ive CAD during invasive angiography15 with associated cost reduc-
tion.16 Despite these studies analysing CT functional imaging of
coronary obstructions,17 none have compared FFR-CT to actual
decision-making at the time of invasive coronary angiography while
integrating all available parameters including risk factor profile, clin-
ical presentation, and anatomical findings.

Accordingly, in this study, we retrospectively determined whether
FFR-CT predicts standard of care guided coronary revascularization in
‘real world’ clinical practice, above and beyond percent stenosis de-
termination. We calculated the performance of coronary CTA alone,
FFR-CT alone, or coronary CTA combined with FFR-CT to predict
actual standard of care guided clinical decision-making leading to med-
ical management vs. coronary revascularization—integrating clinical
presentation as well as clinical and diagnostic parameters with findings
during invasive coronary angiography. In addition, we further estab-
lished the range of FFR-CT values in patients who underwent coron-
ary revascularization and analysed the performance of FFR-CT and
coronary CTA in studies with significant calcium burden.

Methods

Patient population
Consecutive outpatients who underwent computerized tomography
(CT) followed by invasive angiography (mean delay 45.8 days) over
a 24-month period from 2012 to 2014 at the Cedars Sinai Heart
Institute—Cardiovascular Medical Group of Southern California (Los
Angeles) were identified using a retrospective approach. Patient charac-
teristics (Table 1) at the time of coronary CTA were obtained through
review of electronic medical records. The decision to obtain CT studies
(Table 1) and to proceed with invasive coronary angiography was at the
discretion of the care providers. The decision to advance to coronary
revascularization was based on standard of care. This study was
approved by the Institutional Review Board.

Coronary CT angiography studies
Coronary CTA images were acquired using a 64-slice multi-detector
row Lightspeed VCT scanner (General Electric Healthcare). Patients re-
ceivedb-blockers to achieve a heart rate of ,60 bpm. Following a scout
X-ray of the chest, a timing bolus [10–20 mL iodixanol (Visipaque),
General Electric Healthcare] was performed to detect time to reach op-
timal contrast opacification in the axial image at a level immediately su-
perior to the ostium of the left main coronary artery. Nitroglycerin was
given prior to contrast administration. A triple phase contrast protocol
was used during image acquisition: iodixanol (60 mL), followed by a 1

2–1
2

mixture of iodixanol and normosaline (40 mL), followed by a normosa-
line flush (50 mL). The scan parameters were 64 × 0.625 mm collima-
tion, tube voltage 100 or 120 kV, effective mA 350–780 and 512 × 512
matrix size. All coronary CTA studies were transferred to a workstation
(Vitrea–Vital Images, Toshiba).

Coronary CT angiography interpretation
The coronary CTA studies were re-interpreted separately by two read-
ers (R.R.S.P. and R.P.K.) blinded to all patient characteristics, FFR-CT

and invasive coronary angiography results. The coronary CTA readers
were permitted to use any or all of the available post-processing image
reconstruction algorithms, including 2D axial and 3D maximal intensity
projection, multi-planar reformat, cross-sectional analysis, and volume-
rendered technique. A semi-quantitative scale was used by the coronary
CTA readers to grade the extent of luminal stenosis as a percentage of
the vessel diameter. Stenosis severity was recorded in the following
manner: 0, 1–24, 25–49, 50–69, 70–99, and 100%. There was 95%
overall inter-observer agreement of the two blinded readers. In the
four cases with discrepant reads, consensus was reached by joint
interpretation.

Table 1 Patient characteristics and coronary CTA
indication

Patient characteristics

Age, years 66+10

Gender, male 56 (75)

Medical history

LVEF, % 60+8

Hypertension 41 (55)

Dyslipidaemia 59 (79)

Diabetes mellitus 8 (11)

Tobacco use

Current 10 (14)

Former 25 (33)

Never 40 (53)

Family history of CAD 40 (53)

Medications

Aspirin 45 (60)

Second antiplatelet agent 6 (8)

b-Blocker 22 (29)

ACE-I/ARB 32 (43)

Statin 42 (56)

Fish oil 9 (12)

Ezetimibe 8 (11)

Laboratory results

Creatinine, mmol/L 87 (77–99)

GFR, mL/min/1.73 m2 75 (63–86)

Glucose, mmol/L 5.4 (4.9–5.9)

HbA1C, % 5.6 (5.4–5.9)

Total cholesterol, mmol/L 4.6 (4.0–5.5)

LDL cholesterol, mmol/L 2.8 (2.2–3.7)

HDL cholesterol, mmol/L 1.3 (1.1–1.5)

Triglycerides, mmol/L 1.3 (0.8–1.7)

Coronary CTA indication

Symptomatic with typical angina 14 (19)

Symptomatic with atypical angina 34 (45)

Asymptomatic with known CADa 6 (8)

Asymptomatic with CAD risk factors 21 (28)

Values are mean+ standard deviation, n (%), or median (interquartile range).
aKnown CAD defined as previous CAD identification by invasive angiography or
coronary CT angiography.
ACE-I, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor
blocker; GFR, glomerular filtration rate; HbA1C, haemoglobin A1C; HDL,
high-density lipoprotein; LDL, low-density lipoprotein; LVEF, left ventricular
ejection fraction.
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FFR-CT studies
CT studies that did not fit inclusion criteria (absence of coronary CT
angiography, prior coronary revascularization, incomplete or subopti-
mal datasets) were excluded (Figure 1). The remaining studies (n ¼
75) were sent for FFR-CT analysis (HeartFlow), which was performed
as previously described.15,18 Three-dimensional blood flow simulations
in the coronary vasculature were performed using proprietary software,
with qualitative and quantitative image analysis, image segmentation, and
physiological modelling using principles of computational fluid dynam-
ics.9 Coronary blood flow was simulated under conditions that mod-
elled coronary hyperemia to mirror pressure and flow data and the
FFR values that would have been obtained during an invasive evaluation.
Data provided to the investigators included the lowest FFR-CT value in
each coronary distribution and a colour-scale representation showing
FFR-CT values in all vessels .1.8 mm in diameter. FFR-CT values
from left main coronary arteries were excluded because of inconsistent
reporting when vascular territories were short, and FFR-CT values from
chronic total occlusions (CTOs) were excluded to avoid skewing of the
data and given this additional measure is of limited clinical utility. Baseline
FFR-CT values were obtained retrospectively and therefore did not
interfere with clinical decision-making. FFR-CT values were compared
in revascularized (n ¼ 50 patients, n ¼ 69 arteries) and not revascular-
ized arteries (n ¼ 138) (Figures 2 and 3).

Comparative performance of FFR-CT and
coronary CTA
The positive and negative predictive abilities for coronary revasculariza-
tion of previously established and clinically used significance cut-offs
of FFR-CT ≤0.80 and coronary CTA ≥70% stenosis were compared
(Table 2). Receiver operator characteristic (ROC) curves for the
prediction of coronary revascularization were determined for coronary
CTA alone, FFR-CT alone, and coronary CTA combined with FFR-CT
(Figure 4). For the ROC curves, FFR-CT values were used as continuous
variables ranging from 0.50 to 1.0, whereas the following discrimination
thresholds were used for coronary CTA stenosis: 0, 1–24, 25–49,
50–69, and 70–99%. ROC curves were analysed in the entire
population to determine global test performance and in the subgroups
with a CAC score of .0, .200, .400, .600, .800, and .1000
(Figure 5).

Statistical analyses
Statistics were performed using the Mann–Whitney test for differences
in median FFR-CT values, the Kolmogorov–Smirnov test for FFR-CT
value distributions, and the c-statistic to compare the relative perform-
ance of FFR-CT and coronary CTA as well as to analyse significance of
the ROC curves. To test the significance of differences in areas under
two independent ROC curves, Cochran’s c-statistic was applied based
on multiple comparisons, as previously described.19 To this end, we first
calculated the areas under the ROC curve (AUC) for coronary CTA,
FFR-CT, and the combination of coronary CTA and FFR-CT. Next,
we used predictors with the SAS ROCcomp command to apply both
nested and non-nested models.20 IBM SPSS version 20 and GraphPad
version 6 were used to perform the statistical analyses. A P-value
,0.05 was considered statistically significant.

Figure 1 Study flowchart.

Figure 2 FFR-CT distributions in revascularized vs. not revascu-
larized coronary arteries. Bow and whisker plots with the boxes
depicting the 25th–75th percentile and the whiskers the 5th–
95th percentile of data distribution.

Figure 3 FFR-CT and clinical decision of CAD management.
Concordance between FFR-CT findings and clinical management
was observed in 90% of the coronary territories (n ¼ 186), where-
as 10% were discordant (n ¼ 21).
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Results
Over a 24-month period (2012–14), 257 consecutive outpatients
who had a CT followed by invasive coronary angiography were iden-
tified (Figure 1). Of the excluded studies, 60 did not have a coronary
CTA with either a non-contrast CAC score only, an aortogram, a
pre-electrophysiological study, a TAVR (trans-catheter aortic valve
replacement) or PE (pulmonary embolism) protocol; 62 had prior
revascularization (given FFR-CT is not approved in patients with
prior surgical or interventional revascularization) with 47 who had
prior PCI (percutaneous coronary intervention) and 15 prior
CABG (coronary artery bypass grafting); and 60 studies were ex-
cluded or rejected because of misregistrations such as a ‘skip’ in

the axial data, motion artefact, or missing left ventricular segments.
No studies were rejected due to blooming artefact.

All the remaining coronary CTA studies underwent successful
FFR-CT analysis (n ¼ 75 patients, n ¼ 207 territories). Patient char-
acteristics, medical history, medications, and laboratory results are
presented in Table 1. The 10-year ACC/AHA atherosclerotic car-
diovascular disease (ASCVD) risk,21 defined as coronary death or
non-fatal myocardial infarction, or fatal or non-fatal stroke, of our
study population was as follows: 27% had an ASCVD ,7.5%, placing
them in the low-risk category, whereas 73% had an ASCVD ≥7.5%,
categorizing them as high risk. None of the patients had a previous
myocardial infarction. Indications for the coronary CTA studies are
detailed in Table 1. Of the patients who underwent a coronary CTA
study, 64% were symptomatic with 19% experiencing typical angina
and 45% reporting atypical anginal symptoms. In the remaining 36%
of patients who were asymptomatic, coronary CTA was used as a
screening tool for the determination of underlying CAD burden
and severity. Eight percent of patients had previously identified
CAD by coronary CT or invasive angiography, and 28% had signifi-
cant CAD risk factors. The mean CAC score was 705.
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Table 2 FFR-CT vs. coronary CTA analyses using routine clinical significance cut-offs and subsequent coronary
revascularization

FFR-CT ≤ 0.80 Coronary CTA ≥ 70%

P-value P-value

Accuracy 86% ,0.001 85% ,0.001

Positive predictive value 74% (63–83%) ,0.001 88% (75–95%) ,0.001

Positive likelihood ratio 5.6 (3.8–8.1) ,0.001 14.3 (6.4–32.0) ,0.001

Negative predictive value 96% (91–99%) ,0.001 84% (77–89%) ,0.001

Negative likelihood ratio 0.09 (0.04–0.2) ,0.001 0.39 (0.29–0.53) ,0.001

Values in parentheses depict the 95% confidence intervals.

Figure 4 Receiver operator characteristic curves of coronary
CTA, FFR-CT, or coronary CTA + FFR-CT to predict subsequent
coronary revascularization. Coronary CTA alone was the refer-
ence group and had an AUC of 0.904, whereas FFR-CT alone
had an AUC of 0.92 and combining coronary CTA with FFR-CT
had the highest AUC of 0.941.

Figure 5 AUC plots of coronary CTA vs. FFR-CT according to
increasing CAC scores for the prediction of subsequent revascu-
larization. AUC plots depicting relative performance of coronary
CTA vs. FFR-CT in territories with increasing calcification burden
ranging from CAC score .0 to .1000 demonstrate a superior
performance of FFR-CT at all levels of coronary artery calcification
compared with coronary CTA. AUC, area under the curve; CAC,
coronary artery calcium.
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Baseline FFR-CT distributions (median, 25th–75th percentile)
(Figure 2) in revascularized 0.70 (0.62–0.75) compared with not re-
vascularized territories 0.86 (0.82–0.91) displayed significantly dif-
ferent medians (P , 0.001) and value distributions (P , 0.001).
We retrospectively analysed the proportion of cases in which
FFR-CT recapitulated the clinical decision-making process to
medically manage or revascularize coronary territories (Figure 3).
Concordance was observed in 90% of the territories whereas
10% were discordant. Fifty-eight percent of territories (n ¼ 120)
had a FFR-CT of .0.80 and were managed medically, whereas
32% of territories (n ¼ 66) had a FFR-CT ≤0.80 and were revascu-
larized. One percent of the territories (n ¼ 3) had a FFR-CT .0.80
but were revascularized, with review of cases illustrating coronary
stenoses ≥50% and presence of typical anginal symptoms. Invasive
FFR was not obtained in these cases. Of the 9% territories (n ¼ 18)
in which an FFR-CT ≤0.80 was reported but were medically man-
aged, the following contributing factors were observed: invasive
coronary stenosis ,25% (n ¼ 8), invasive coronary stenosis 25–
50% (n ¼ 3), discrepancy with an invasive FFR .0.80 during cardiac
catheterization (n ¼ 5), or significant stenosis deemed too distal and
not amenable to intervention (n ¼ 2). In addition, the above patients
with invasive coronary stenoses ,25 or 25–50% underwent
invasive coronary angiography following coronary CTA falsely con-
cerning for significant stenoses which were obtained in the setting of
known CAD, CAD screening, or atypical symptoms (Table 1).

Next, we sought to compare the discriminative ability of FFR-CT
with coronary CTA in the prediction of standard of care guided
coronary revascularization (Table 2). To this end, clinically accepted
and routinely used significance cut-offs were studied, i.e. FFR-CT
≤0.80 and coronary CTA stenosis ≥70%. The overall accuracies
for the prediction of revascularization were similar—86% for
FFR-CT and 85% for coronary CTA. Importantly, a significant
complementary role for these two strategies was observed,
with coronary CTA having a superior positive predictive value of
88% and a positive likelihood ratio of 14.3, whereas FFR-CT had a
superior negative predictive value of 96% and a negative likelihood
ratio of 0.09.

We further determined ROC curves for the comparison of three
strategies: coronary CTA alone, FFR-CT alone, and coronary CTA
combined with FFR-CT for the prediction of subsequent coronary
revascularization in the entire study population (Figure 4). Using
continuous variables portrayed in the ROC curves, the global stat-
istical accuracy was not used to test the study properties of coron-
ary CTA vs. invasive coronary angiography, but the overall ability of
coronary CTA vs. FFR-CT to predict actual clinical decision-making,
i.e. medical management vs. coronary revascularization. The refer-
ence group was coronary CTA alone (AUC, 95% CI): 0.904
(0.863–0.944), with the ROC curve demonstrating the strong per-
formance of this test by itself. FFR-CT alone (AUC, 95% CI): 0.92
(0.883–0.957) had a greater AUC than coronary CTA which did
not achieve significance (P ¼ 0.4). However, combining coronary
CTA with FFR-CT (AUC, 95% CI): 0.941 (0.911–0.971) had the
highest AUC for the prediction of subsequent revascularization
and was significant (P ¼ 0.001). In addition, we identified that
from the ROC curve the optimal FFR-CT cut-off value to predict
downstream revascularization may be a lower FFR-CT value of
0.76, and not 0.80.22 In order to test the performance of this

FFR-CT cut-off value, a comparison of ROC curves (on a per-
patient basis) was applied, yielding an AUC of 0.842 for an FFR-CT
cut-off of 0.76 and an AUC of 0.829 for an FFR-CT cut-off of 0.80
(P ¼ 0.043).

AUCs were also stratified according to increasing CAC burden
categories and demonstrated the increasing contribution of FFR-CT
to overall accuracy with worsening calcification (Figure 5). Although
coronary CTA AUC progressively decreased with worsening calci-
fication burden, ranging from 0.90 (CAC . 0) to 0.71 (CAC .

1000), this phenomenon was less observed in the FFR-CT AUC
which remained more stable in its discriminative ability, ranging
from 0.92 (CAC . 0) to 0.86 (CAC . 1000) (P , 0.05, FFR-CT
combined with coronary CTA vs. coronary CTA alone for all
CAC scores).

A case example of a patient with short clinical vignette comparing
coronary CTA, FFR-CT and invasive coronary angiography results is
illustrated (Figure 6).

Discussion
The management of patients with stable coronary artery disease
(CAD) has evolved significantly23 – 25 with efforts to determine
which coronary stenoses cause myocardial ischaemia. A strategy
of artery-specific flow-guided revascularization was explored in
the FAME trials.26,27 In stable CAD patients, routine measurement
of invasive FFR during coronary angiography significantly reduces
death and non-fatal myocardial infarction compared with an angio-
graphically driven approach when stenting of indicated lesions only if
the FFR is ≤0.80.26 Conversely, similar patients with an FFR .0.80
should receive medical therapy alone to improve outcomes.27 Thus,
the routine measurement of FFR is supported by large clinical trials
and integrated into American28 and European guidelines29 recom-
mending the use of FFR with a cut-off of 0.80 to guide the decision
to medically manage or revascularize patients with stable CAD.30

FFR-CT may offer a non-invasive equivalent to invasive FFR.17

FFR-CT provides functional characterization of the hemodynamic
significance of coronary artery stenosis without changes in acquisi-
tion, medication, contrast, or radiation.9,18 FFR-CT computation is
based on calculations of coronary flow and pressure fields from ana-
tomic data, in particular, construction of an anatomic model of the
coronary arteries, a mathematical model of coronary physiology to
derive boundary conditions representing cardiac output, aortic
pressure, microcirculatory resistance, and their combination with
fluid dynamics principles that relate to conservation of mass and
balance of momentum.18

This study sought to take findings beyond previous reports12–14

by predicting not just the significance of coronary artery narrowing,
but also establishing the distribution of FFR-CT values, inclusive of
studies with high calcium scores, in an integrated manner to predict
coronary revascularization behaviour in patients commonly treated
with standard of care in a large urban cardiology practice. We ap-
plied this measure to consecutive outpatients over a 24-month per-
iod who had previously undergone invasive coronary angiography
following a coronary CTA study. Given baseline FFR-CT values
were obtained retrospectively, results did not interfere with clinical
decision-making. We determined baseline FFR-CT values in patients
undergoing coronary revascularization and those treated with
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optimal medical therapy, establishing significant differences in me-
dian values (0.70 vs. 0.86, respectively). A comparison of accepted
and routinely used clinical significance cut-offs of FFR-CT ≤0.80
and coronary CTA stenosis ≥70%26 – 29 highlighted important dif-
ferent behaviours of these two tests. Indeed, a coronary CTA ap-
proach had a significant positive predictive value and positive
likelihood ratio, indicating that in the presence of an angiographically
significant stenosis, the odds of having a downstream revasculariza-
tion were high, reflecting the ability of coronary CTA to identify
high-risk patients. In contrast, an FFR-CT approach had a significant
negative predictive value and negative likelihood ratio, supporting
the hypothesis that in the presence of a hemodynamically insignifi-
cant FFR-CT value .0.80, the odds of having downstream revascu-
larization were low, thereby reflecting the ability of FFR-CT to
exclude high-risk patients. With the use of FFR-CT values as con-
tinuous variables and incremental discrimination thresholds for cor-
onary CTA stenoses, we further established global performance

measures of these tests in the prediction of coronary revasculariza-
tion. Accordingly, our data demonstrate that even though coronary
CTA alone had a high predictive ability of subsequent coronary re-
vascularization, FFR-CT alone performed better, and the combin-
ation of coronary CTA and FFR-CT performed best, particularly
in patients with advanced disease and elevated CAC scores. In add-
ition, our findings suggest that the best cut-off value for the predic-
tion of downstream revascularization may be a lower FFR-CT value
of 0.76, and not 0.80 as reported with invasive FFR.

Previous CT trials determined the diagnostic characteristics of
coronary CTA compared with invasive coronary angiography—i.e.
% angiographic stenosis by CT vs. % angiographic stenosis by cardiac
catheterization,4,5,31 a correlation dependent on target lesion, cor-
onary calcium score, and vessel diameter. In these coronary CTA
validation studies, coronary artery segments ,2 mm in diameter
were not evaluated.32 In this study, we examined the ability of cor-
onary CTA alone, FFR-CT alone, or coronary CTA combined with

Figure 6 Case example comparing coronary CTA, FFR-CT, and invasive angiography results. A 71-year-old male presented with exertional
chest pain. He exercised for 10 min on a Bruce protocol, experienced reproducible chest pain but had no significant ECG changes. He underwent
coronary CTA, which showed a 70–95% ostial left anterior descending (LAD) coronary artery narrowing (A). Invasive angiography confirmed the
70–95% ostial LAD narrowing (B) and the artery was stented (C). The coronary CTA also showed a 25–49% mid right coronary artery (RCA)
narrowing followed by a 70–95% distal narrowing (D). The mid RCA narrowing was judged minimal on invasive angiography and the distal RCA a
50% narrowing that did not undergo stenting (E). FFR-CT was 0.76 in the LAD that underwent stenting and 0.82 in the RCA that did not undergo
stenting (F ), predicting decision-making in the cardiac catheterization laboratory. The patient was asymptomatic at 2-year follow-up. The solid
white arrows represent the stenotic segments identified on coronary CTA (A and D) or invasive angiography (B and E). The dashed white arrow
represents the revascularized LAD stenotic segment (C). The FFR-CT values in each coronary territory are depicted in colour scale, and the nu-
merical values of the worst FFR-CT determined in distal segments provided (F). A colour-scale graph of FFR-CT values is also presented (F). LCX,
left circumflex coronary artery.
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FFR-CT to integrate all available parameters including clinical pres-
entation, laboratory findings, non-invasive imaging workup, and find-
ings on invasive coronary angiography with actual clinical
decision-making regarding medical management vs. coronary revas-
cularization on a per-vessel basis. The difference in approach we
adopted with an end point consisting of standard of care guided clin-
ical decision-making to manage with optimal medical therapy or re-
vascularize coronary territories, as opposed to previous studies
where the end point consisted of anatomic findings during cardiac
catheterization,4,5,31 explain differences in the observed predictive
abilities of coronary CTA and FFR-CT we illustrate.

Our study has several limitations. This was a single centre retro-
spective study. We analysed FFR-CT only in patients who had a cor-
onary CTA followed by invasive angiography. The decision to
proceed with revascularization was at the discretion of the primary
cardiologist, based on medical history, clinical presentation, non-
invasive imaging tests, and findings during angiography. We believe
however these limitations also constitute a strength of our study
population which is representative of ‘real world’ patient care and
may avoid the patient selection bias of clinical trials.

Conclusions
FFR-CT predicts standard of care guided coronary revascularization
and provides additive predictive value to coronary CTA, improving
overall accuracy, particularly in territories with significant calcifica-
tion. Future studies are needed to validate these observations pro-
spectively and to determine the optimal FFR-CT cut-off for the
prediction of coronary revascularization. Our results suggest that
coronary CTA combined with FFR-CT allows individual patient-
level, artery-specific decision-making, thereby enhancing the gate-
keeping function of coronary CTA and increasing the diagnostic
and therapeutic yield of invasive coronary angiography.
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Incremental value of 3D over 2D echocardiography in a patient with
multiple ICD leads in the right ventricle

Carolyn M. Larsen1, Ratnasari Padang1, Lyle D. Joyce2, Krishnaswamy Chandrasekaran1, and Joseph F. Malouf1*
1Department of Cardiovascular Diseases, Mayo Clinic, 200 1st Street SW, Rochester, MN 55905, USA; and 2Division of Cardiovascular Surgery, Department of Surgery,
Mayo Clinic 200 1st Street SW, Rochester, MN 55905, USA
* Corresponding author. Tel: 507-284-9325; Fax: 507-266-9142. E-mail: maalouf.joseph@mayo.edu

A 65-year-old male with dyspnoea
and oedema from severe tricuspid re-
gurgitation was referred for tricuspid
valve (TV) surgery. He had undergone
placement of a dual-chamber implant-
able cardioverter defibrillator (ICD)
15 years prior for dilated cardiomy-
opathy that was upgraded to a biven-
tricular system with placement of a
new right ventricular lead 3 years ago.

Intraoperative 2D transoesopha-
geal echocardiography from the 0�

mid-oesophageal view revealed one
ICD lead crossing the TV (red aster-
isk) and limited motion of the septal
leaflet (SL) without clear cause (Panel
A). The corresponding 3D image re-
vealed a second ICD lead (white
arrowheads) posteromedial to the
first lead and abutting the SL (Panel B).
Viewing the 3D image from the right atrial perspective shows the spatial relationship of the anterior (AL) and septal TV leaflets to the 2
ICD leads as they cross the TV orifice (Panel C, see Supplementary data online, Video S1; AoV, aortic valve; LA, left atrium). Transgastric 3D
images of the TV demonstrated restricted motion of the posterior leaflet (Panel D, see Supplementary data online, Video S2). Cropping this
dataset demonstrated perforation of the posterior leaflet by an ICD lead, confirmed by direct inspection at surgery (Panels E and F). The
combined result was a large orifice of non-coaptation of the TV (see Supplementary data online, Video S3, and Figure S1).

The extent of TV injury by device leads may not be easily appreciated by 2D echocardiography, particularly in the presence of multiple
leads; this case illustrates the incremental value of 3D imaging in evaluation of TV complications related to multiple device leads.

Supplementary data are available at European Heart Journal – Cardiovascular Imaging online.
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